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MULTI-SITE PROTON INTERACTIONS WITH 
NATURAL ORGANIC MATTER 
D. Scott Smith and James R. Kramer 
McMaster University, School of Geography and Geology, Hamilton, ON, L8S 4M1, Canada 
EI 9808-l 91 M (Received 26 August 1998; accepted 2 November 1998) 
Water samples from various locations in Norway were used to isolate natural organic matter 
(NOM). The NOM was isolated using both reverse osmosis and low-pressure low-temperature 
evaporation for each sample site. These samples were titrated from -log[H+] 3 to 11 at 0.1 unit 
intervals. The data were analyzed using the Discrete Site Analysis (DISI) technique for pK, 
intervals of 0.2. The acidity constants are grouped into four classes: strong (pK, < 5), intermediate 
strong (5.1< pK, < 7.5), intermediate weak (7.6 < pK, < 9.2), and weak (pK, > 9.3). All samples, 
regardless of isolation method, were found to contain strong and weak ligands, along with some 
intermediate ligands. For the same sample site, the concentration of these ligands were found to be 
dependent on isolation method and titration direction (acid then base vs. base then acid). In 
addition, the concentration and classes of ligands present were found to vary between sample sites. 
Suwannee River fulvic acid was analyzed as a reference sample, and was qualitatively similar to 
the NOM samples but quantitatively different. Overall, the differences in pKa spectra due to 
isolation method and/or titration direction are almost as significant as differences between sample 
location, but there are no consistent trends in effects of isolation method or titration direction on 
characterization of NOM. 01999 Elsevier Science Ltd 
INTRODUCTION 
Natural organic matter (NOM) contains a number of 
sites that bind protons and metals. The nature of the 
molecule will influence both the pK, distribution and 
the specific site concentration. Typically, the pK, 
distribution has been interpreted from acid-base titra- 
tion curves. Simple one or two site interpretations do 
not reflect the complex nature of the pK, distribution. 
Various discrete and continuous functions (Borkovec 
et al. 1996; Cernik et al. 1995; de Wit et al. 1993; 
Buffle et al. 1990) have been proposed for assessment 
of acid-base properties, as well as Gaussian distribu- 
tions (Perdue et al. 1984). These methods fit functions 
of the measured pH data to a multi-site model for the 
humic substance, and may or may not include electro- 
static effects (de Wit et al. 1993). In most cases, the 
humic substance is treated as a mixture of monoprotic 
binding sites, but this mixture may contain discrete 
sites or be represented by a continuous function. 
The data can be -treated as adsorption phenomena 
(Borkovec et al. 1996) using linear superposition of 
Langmuir isotherms or as thermodynamic binding 
phenomena (Brassard et al. 1990), using a summation 
of monoprotic ligands. In either case, the mathematics 
describing the system are essentially the same. Extract- 
ing parameters from the data is an ill-posed problem 
though (Borkovec et al. 1996), meaning that most clas- 
sical least-squares solutions become unstable. Regulari- 
zed least squares (Borkovec et al. 1996; Cernik et al. 
1995) is one method to solve ill-posed problems. Using 
this, a penalty function is added to make the fitted para- 
meters agree with some assumption about the system. 
The usual assumptions are for a few discrete sites or 
for a continuous smooth function. The method of 
Buffle et al. (1990) involves calculation of a norma- 
lized function called the Site Occupation Distribution 
Function (SODF) which relates buffer intensity to the 
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differential free energy of the complexation sites 
present. This method cannot be used to look at proton 
binding at discrete sites; it represents the binding 
properties as a continuous function. This method is 
conceptually good, but the quality of the data often 
limits its’ usefulness. 
Here the Discrete Site (DISI) analysis approach of 
Brassard et al. (1990) is used. This method was se- 
lected because there is ambiguity in continuous affinity 
distributions for humic substances (Borkovec et al. 
1996), and a discrete site approach is more amenable 
for use in any future modeling efforts. The linear 
programming method of Brassard et al. (1990) is 
similar to the regularized least-squares approach used 
by Borkovec et al. (1996) and has proven robust in 
previous research efforts (Brassard et al. 1990; Kramer 
et al. 1991). 
EXPERIMENTAL DETAILS 
NOM samples were obtained as part of an interna- 
tional co-operation, the NOM-typing project (Chairman 
E. Gjessing, Agder College, Norway). Suwannee River 
fulvic acid was obtained from the International Humic 
Substances Society (IHSS). NOM-isolates were ob- 
tained in powdered form, as both reverse osmosis (RO) 
and low-pressure low-temperature (EV) isolates. 
Samples are from various freshwater locations in 
Norway, selected to span a variety of types of water- 
sheds. Description of sampling sites and sample pre- 
paration are given in Gjessing et al. (1998). In this 
paper, the samples will be designated by isolation me- 
thod (RO or EV) and by sampling site number, where 
the numbering scheme for the May (1996) samples is 
as follows: Trehorningen is NOM-l, Hellerudmyra is 
NOM-2, Aurevann is NOM-3, Maridalsvann is NOM- 
4, Birkenes is NOM-5, Humex is NOM-6, Gjerstad 
(limed) is NOM-7, Gjerstad (unlimed) is NOM-S, and 
for October (1996) Hellerudmyra is referred to as 
NOM-9. In addition, Suwannee River fulvic acid is 
referred to as NOM- 10. 
NOM-isolates were suspended in water to yield a 
final dissolved organic carbon concentration between 
10 and 20 mg of C/L. Samples were prepared 1 to 2 h 
prior to titration. Titrations were performed by an ini- 
tial addition of HCl to bring the pH to around 3, 
followed by titration with NaOH. In addition, several 
selected samples were analyzed by titration with HCl 
after addition of base. Standard HCl (Anachemia, NY, 
USA) was used and CO, free NaOH (Anachemia, NY, 
USA) was standardized against the HCl. The samples 
were continually blanketed with nitrogen scrubbed 
using Ascarite to remove CO,. This was done to avoid 
contamination ofthe samples with CO,. Titrations were 
carried out at 20.0*0.3”C and an ionic strength of 
0.1 mol/L, made up by KNO,. The constant ionic 
strength is required for the integrity of the electrode 
system as well as to maintain a defined system with 
respect to the proton reaction. Thus, all fitted para- 
meters are considered conditional values with respect 
to the experimental conditions and the initial state of 
the NOM-typing samples. 
Titrations were carried out with a Tanager Auto- 
titration system (Tanager, Ancaster, ON, Canada). This 
system has a stability of 0.05 mV, or about 0.001 pH 
equivalent units. The system is programmed to dis- 
pense variable amounts of titrant to obtain equal mV 
intervals. A constant interval is obtained by using a 
continuous estimate of the derivative of the titration 
curve. In addition, the system is programmed for at- 
tainment of steady state equilibrium between each 
addition of titrant. This is achieved by assessment of a 
time frame (e.g., 20 s) at which the change in slope of 
data and the variability of data (noise) are statistically 
assessed against preset precision values. If the slope is 
not significantly different from zero in the interval, the 
titration is allowed to proceed. An interval of 5.9 mV 
(0.1 pH) was used for these titrations in the pH range 
3 to 11 with a precision of 0.005 mV. The titration 
range was limited because outside this range the free 
ligand term in the charge balance expression (Eq. 6) is 
insignificant relative to the concentration of other spe- 
cies, and the data cannot be used for meaningful para- 
meter fitting. 
The Wilhelm electrode (Sjoberg and Lijvgren 1993) 
was used in conjunction with a Ross glass electrode 
(model 8 103, Orion, MA, USA) to maintain a defined 
junction potential. The system was calibrated five 
times against a blank solution at the same ionic 
strength (I) and temperature conditions as the samples. 
The calibration followed the design of Sjijberg and 
Lovgren (1993) where E is the potential in mV: 
[H+l+a Kw E = a0 + a,log[H ‘1 + a*- 
I ~ (1) 3 Ix[H+] 
The calibration parameters were determined by 
multiple linear regression of blank titrations. The 
parameters correspond to the intercept (aJ, the slope 
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(a,), the acidic junction potential (a~), and the basic 
junction potential (q). If the junction potential para- 
meters were zero, then the calibration would become 
the traditional Nernst function. I<w, the dissociation 
constant for water, was adjusted for temperature effects 
as in Sjijberg and Lijvgren (1993). The stability of the 
system permitted a one-point calibration (1 mM HCl) 
to redetermine a, before and after each titration. 
PARAMETER FllTlNG 
The DISI analysis proposed by Brassard et al. (1990) 
was used to fit parameters to the titration data. The 
parameters included the concentrations of ligands and 
the acid neutralizing capacity (ANC). In the approach 
used here, the acidity constants are fixed and the cor- 
responding ligand is assigned a concentration, where 
zero is a possible value. DISI assumes a summation of 
independent monoprotic reactions that reflect the re- 
active ligands. At a hydrogen ion concentration, [H’], 
functional groups, L; equilibrate with the protonated 
sites, HL, according to the following reaction: 
I--&= H++ Li- 
and the concentration of a specific site is defined as the 
sum of the bound and free ligand: 
ci = [HL,] + [L,_] 
For equilibrium at a monoprotic site, 
(4) 
and combining Eqs. 3 and 4: 
[L,_] = ci Ki 
[H’] + Ki (5) 
Equation 5 can be incorporated into a charge balance 
expression for a titration curve for a sample containing 
n monoprotic acids: 
c~+c,+[H+]-[OH-]=-ANC+eC. Ki 
i=r ‘[H’] +K, 
(6) 
where c,, cr,, and ANC are the acid and base titrant 
concentrations added and the initial ANC, respectively. 
Note that Ci and K are “conditional” values (C’K’) 
because they are dependent on temperature, ionic 
strength, and competition from other metals. 
Equation 6 can be simplified into a linear function: 
LIGAND=-ANC+C,cr,+C,a,+C,a,+... 
where ai= Ki 
(7) 
[H +] +Ki 
where the term LIGAND is the concentration of ne- 
gative charge resulting from the deprotonated ligands, 
and corresponds to the left side of Eq. 6. Thus, the pK, 
“spectrum” is approximated by a series of equal logK, 
intervals chosen by the investigator. In DISI, these 
intervals are equal in logK, and are normally the same 
limits as that of the pH (note, a varies between 0 and 1, 
depending on the pH-pK, values). 
There is another constraint upon Eq. 7. The solution 
must be formulated such that Ci 2 0. In addition, since 
the p&s are discrete, the minimization of error func- 
tion is written as the absolute of the sum of the error of 
fit, C 1 ei 1 =minimum. This minimization will emphasize 
differences among Ci and for Ci=O, which is a possible 
solution. A least-squares minimization would tend to 
de-emphasize differences between peaks and zero va- 
lues for Ci. These constraints make linear programming 
the best method for solving Eq. 7, which imposes non- 
negativity constraints and performs a minimization of 
the absolute error. 
All data analysis was performed using in-house 
MatlabTM (The MathWorks, MA, USA) programs. For 
the linear programming problem, the matrices were set 
up as in Brassard et al. (1990) and the Matlab linear 
programming routine, which uses an active set strategy, 
was used (Grace 1992). In defining the linear program- 
ming problem, the initial and final pK, matched the 
initial and final pH for the titration. The pK, interval 
was set at 0.2. These conditions resulted in the deter- 
mination of pK’s between 3 and 11 with a resolution 
of 0.2. 
DISCUSSION 
The calibration parameters for potential (mV) vs. 
[H’] were determined using Eq. 1. The best fit para- 
meters were determined as 53 l&5 for a, 56.O~tO.8 for 
a,, 83+2 for q, and finally 136&4 for a,. The slope of 
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Fig. 1. -log[H’] vs. LIGAND (Eq. 7) for NOM-5 (Birkenes) low pressure vacuum evaporative isolate (left axis). The data is represented 
by open circles and the best fit line by a solid line. The dotted lines correspond to the right axis and represent concentrations of L; for the 
ligands with non zero concentrations. 
56 would have been 59 if the electrode responded exactly 
Nernstian. The junction potential coefficients of -83 and 
136 are higher than the coefficients of -49.7 and 21.4 
determined by Sjiiberg and Liivgren (1993) for the 
Wilhelm electrode. The replication error of 1 to 2% for all 
the coefficients is acceptable, however. 
An example of the linear programming fitting of 
LIGAND as defined in Eq. 7 is given in Fig. 1. The cal- 
culated curve (solid line) closely matches the observed 
data (open circles). Superimposed on this figure (dotted 
lines) are the calculated concentrations for each of the 
free ligands (L;). There are 10 ligands necessary to 
describe the observed data. Three of the ligands are 
fully deprotonated above pH 5, one above pH 7, two 
above pH 9, and the remaining four ligands are not 
fully deprotonated within the pH range of the experi- 
ment. 
The pK, spectra for the nineNOM-isolates are shown 
in Fig. 2, along with the spectra determined for 
Suwannee River fulvic acid for comparison. The solid 
bars represent RO-isolates and the open bars represent 
the EV-isolates, except for Suwannee River fulvic acid 
that was only isolated in one way. The results for 
Suwannee River fulvic acid agree with literature values 
for total carboxylic content. For example, Leenheer et 
al. (1995) reported carboxylic site densities between 
4.15 and 6.8 pmol/mg of Suwannee River fulvic acid. 
If the ligands determined here are summed up to pH 7, 
which is the usual titration endpoint for total carb- 
oxylic determination, then the carboxylic content for 
Suwannee River fulvic acid is 6.0 umol/mg of fulvic 
acid. This value corresponds exactly with the best va- 
lue selected by Leenheer et al. (1995). 
All samples show peaks corresponding to relatively 
strong acids around pK, of 4 and weak acids with pks 
around 10. In addition, most samples show peaks in the 
intermediate pK, range. Qualitatively the pK, results 
for the two isolation methods agree fairly well; the 
same classes of acidic sites are observed in both iso- 
lates. A more thorough comparison is possible if 
ligands are grouped into four classes: strong acidic 
ligands (pK, < 5), intermediate strong ligands (5.1 < 
pK, < 7.5), intermediate weak (7.6 < pK, < 9.2), and 
weak (pK, > 9.3). The results of summing the ligand 
concentrations over this grouping are given in Table 1. 
Further, the samples can be compared by plotting the 
concentrations for the various groupings. Figure 3 
shows the concentrations of EV- vs. RO-isolates. The 
line on each plot corresponds to where all the points 
would lie if there was no difference in the two isola- 
tion methods. For the RO-isolates, the strongly acidic 
sites and the weakly acidic sites have values close to 
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41 I 
NOM-1 
z 
g 10. 
s 
u 5 
EI 
I? o- I_ n n, 
NOM-6 
NOM-8 NOM-9 
7l I 
:h,,,., 
4 6 8 10 
NOM-3 
NOM-5 
NOM-7 
8. 
6. I- 
4. 
2. 
o=.‘I L -,ll 
4 6 8 10 
Acidity Constant (pKa) 
Fig. 2. pK, spectra for NOM-isolates and Suwannee River fulvic acid. RO-isolates are indicated by solid bars and EV-isolates by open bars. 
Suwannee River fulvic acid; except NOM-9 and NOM- ples show less variation and lower concentrations then 
4, which are dramatically (-320%) more concentrated the RO samples. Only NOM-l is similar in all four 
in both classes. classes, and NOM- 2, 5, 6, and 7 are similar in three 
In general, the values for the RO- and EV-isolates do out of four ligand classes. Details of the relations be- 
not quantitatively agree. This indicates that one or both tween different total ligand concentrations are de- 
of the methods alters the samples. Overall, the EV sam- scribed below for the four ligand classes. 
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Table 1. Total ligand concentrations for four functional group classes. The values for base then acid titrations are presented as RO/EV. 
The sample numbers correspond to the numbering scheme given in the experimental section. For NOM-l, 3,4, and 5, the RO sample 
results for base then acid titration direction are shown in brackets. 
Ligand concentrations for indicated pK, class (pmol/mg of isolate) 
Sample <5 5.1 - 7.5 7.6 - 9.2 > 9.3 Total 
1 3.5 (3.0) / 2.3 1.6 (2.5) / 1.5 0 (0) I 0 4.9 (10.7) I2.1 10.0 (16.2) / 5.9 
2 2.3 12.7 4.2 Il.1 o/1.0 4.3 15.7 10.8 / 10.5 
3 4.2 (1.6) / 1.9 1.9 (0.042) / 1.3 0(2)/0.15 2.0 (3.5) / 3.9 8.5 (7.5) / 7.3 
4 11.9 (3.4) / 2.9 0 (5.6) IO.71 0 (0) I 0 12.1 (8.1) / 6.5 24 (17.1)/ 10.1 
5 1.1 (1.1)/2.1 1.3 (0) / 0.94 0.76 (0) / 0.65 1.4 (4.6) / 5 4.6 (5.7) / 8.7 
6 1.2 Il.6 1.7 I 0.82 0.26 JO.41 1.1 14.6 4.3 / 7.4 
7 2.5 13.4 1.4io.19 0.19 / 3.0 3.3 15.3 7.4111.9 
8 1.213.2 1.6 / 1.1 1.7 I 0.05 2.8 15.9 7.3 / 10.3 
9 8.6 I 1.8 4.8 IO.9 Of 1.1 13.7 I5 27.1 I 9.9 
10 3.7 2.3 0.64 4.9 11.5 
pKas c 5.0 pKas 5.1-7.5 
pKas > 9.3 
Ligand Concentration (pmol/mg) for RO 
Fig. 3. Comparison plots for total ligand concentrations over various pKa ranges for the two isolation methods. The sloped line corresponds 
to a line where the RO- and EV-isolates are equivalent. The numbers correspond to the sample numbers, as given in the experimental section. 
For the strongly acidic ligands, NOM-2, 5,6, and 7 methods, NOM-4 is higher in EV and the rest of the 
are similar in RO- and EV-isolates, but NOM-8 is samples are more concentrated in the RO-isolates. The 
higher in the EV-isolate and NOM-l, 3, 9, and 4 are intermediate weak class of ligands has NOM-l, 3,4,5, 
higher in RO-isolates. For the intermediate strong and 6 yielding similar results for both isolation meth- 
ligands, only NOM-l is similar for both isolation ods but NOM-2,3, and 7 are overestimated in the EV- 
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isolates and NOM-8 is overestimated in the RO- 
isolates. Finally, for the weakly acidic components of 
NOM-2,3, and 7, the results are similar in RO and EV 
samples, NOM-5, 6, and 8 and NOM-l are slightly 
overestimated by the EV- and RO-isolation methods, 
respectively, NOM-4 and 9 are higher in the RO-iso- 
lates. 
For the seasonal sample (Hellerudmyra), the RO 
sample in October (NOM-2) is five times greater then 
the May sample (NOM-9) in both the strong and weak 
classes of ligands. The intermediate ligands have va- 
lues closer to each other for the May and October 
samples. This can be interpreted as productivity during 
the summer, increasing the proton reactive sites at the 
Hellerudmyra sampling site. Comparison of the EV- 
isolates shows little change in the October and May 
samples regardless of class, though. The sites along the 
Trehsrningen catchment (NOM-l, 2, and 3) show no 
obvious trend with location. 
Perdue (1985) summarized the pK, values for model 
organic ligands that might be incorporated in NOM. 
The acidic groups vary from sample to sample, but they 
consist mainly of carboxyl (COOH) with pK, values 
from 3 to 5, and phenolic (OH) with pKs from about 
9 to 11. The intermediate pK, values between 5 and 9 
could be attributed to a wide variety of functional 
groups, including P-dicarbonyl compounds, enols, and 
alcohols, as well as surface sites on inorganic sub- 
strates. 
Inorganic proton binding ligands are possible given 
the relatively high levels of iron and aluminum in the 
samples and the 40-60% ash content (Gjessing et al. 
1998). In an effort to assess the contribution from in- 
organic surface sites, an X-Ray Diffraction (XRD) 
pattern was obtained for NOM-CR0 and compared to 
standard spectra. It was found that sodium chloride, 
calcite, and sodium sulphate were components of the 
sample. These salts would be expected to dissolve in 
the sample and the carbonate should not yield a pK, 
because CO, was scrubbed from the samples. It is 
possible that inorganic ligands were not observed in the 
XRD pattern because Al/Fe-O-OH’s were XRD amor- 
phous or at non-detectable levels. 
Some of the proton binding sites may be due to 
Al/Fe-O-OH’S. For example, y-aluminum hydroxide 
has two intrinsic pK,‘s, one at 7.2 and another at 9.5; 
amorphous silica has a pK, value of 6.8 and amorphous 
iron hydroxide has two pK,s, one at 6.6 and another at 
9.1 (Schindler and Stumm 1987). Kramer et al. (1991) 
reported pKs of 2.8, 4.8, 6.6, and 8.7 for kaolinite. 
Al/Fe/Si-O-OH’s typically have specific site densities 
of about 10 times less than NOM, but the smaller con- 
centration, intermediate p&s could be due to proton 
binding with these inorganic ligands. 
The results also depend on the sequence of titration, 
acid then base vs. base then acid. The four RO samples 
titrated by both methods have different site densities in 
the four ligand classes. These results are summarized 
in Table 1. NOM- 1 agrees well for strong acidic sites, 
but weak sites are 100% higher in the base first titra- 
tion. Sample 5 shows agreement for the strong sites and 
again higher concentration for the weak sites. Samples 
3 and 4 have lower values for the strong sites using 
base then acid but fair agreement for the weaker sites. 
Overall, the differences in results depending on titra- 
tion direction are as significant as the differences 
depending on isolation method. Differences can be 
attributed to the irreversibility of the NOM-H system. 
In particular, coagulation resulting from acidification 
of the samples to pH 3 in the acid then base titration 
scheme, changes the nature of the sample, and the 
change is not reversed by increasing the pH. This could 
lead to decreases in ligand concentration because sites 
are no longer available for binding of protons. 
CONCLUSIONS 
DISI of acid-base titration data of Suwannee River 
fulvic acid recovers the literature value for total 
carboxylic content (6.0 umol/mg of fulvic acid, 
Leenheef et al. 1995). The method yields qualitatively 
similar results for both RO- and EV-isolates in that, 
apparent carboxylic (-4) and phenolic ligands (-10) 
are resolved. Quantitatively, the isolation methods 
differ; only NOM-l yields similar results for both 
methods. Overall, the EV-isolate has lower concentra- 
tions and less variation between samples. In addition, 
the results are dependent on the order of addition of 
t&rant; results for the base therracid titration sequence 
differ from acid then base titration sequence. The 
differences between titration directions are as signi- 
ficant as the difference between isolation methods and 
these effects are almost as significant as differences 
between sampling sites. For a full understanding of the 
nature of NOM-proton binding at these sampling sites, 
titrations of unfractionated water would be necessary 
to assess the effects ofNOM concentration methods. In 
addition, the data from two titrations should be com- 
bined, both starting from ambient pH, with one going 
up in pH and the other going down. 
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